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In Vivo Analysis of Protein Crowding in the Nuclear Pore Complex during
Interphase and Mitosis
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Shige H Yoshimura1.
1Kyoto university, Kyoto, Japan, 2RIKEN Quantitative Biology Center
(QBiC), Suita, Osaka, Japan.
The nuclear pore complex (NPC) of eukaryotic cells regulates macromolecular
traffic between the cytoplasm and the nucleoplasm. The central channel of the
pore is thought to form a crowded hydrophobic environment, due to the high
content of Phe-Gly (FG) motifs in pore-forming subunits (Nups), which deter-
mines the selectivity of the pore. Here, we analyzed the spatiotemporal forma-
tion of crowded environments within the NPC by utilizing a crowding-sensitive
fluorescent protein probe (GimRET), which was constructed by fusing ECFP
with YFP carrying a single amino acid insertion (YFP-G1). The fluorescent
properties of GimRET exhibited sensitivity to high concentrations of protein
(> ~100 mg/mL). When GimRET-fused Nups were expressed in HeLa cells.
The FRET signal in the nuclear envelop revealed that the extent of crowding
is different among Nups. Nups located in the outer rim of the pore (Nups50,
153, 214 and 358) exist in a highly crowded environment, whereas Nups
located in the middle channel (Nups54, 58 and 62) exhibited a minimal crowd-
ing, suggesting that a large entropic barrier exits at both ends of the pore. We
also investigated the formation of a crowded environment during post-mitotic
reassembly of the NPC. Quantitative analysis of the probe signals from meta-
phase to G1 phase indicated that some Nups are in a less crowded environment
when dispersed in the cytoplasm at metaphase than when assembled in the NPC
during interphase. However, some Nups exhibit a similar amount of crowding
in both cases, suggesting that some Nups remain in subcomplexes, but others
dissociate during mitosis. In addition, a lag period between the localization
of Nups around the chromatin surface and the detection of crowding suggests
that there is a dynamic rearrangement of Nups after assembly on the chromatin
surface.
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Transfer-RNA (tRNA) is the key adaptor molecule in protein synthesis,
but recent studies demonstrate behavior and interactions that suggest a far
greater role in cellular function. This includes priming viral protein synthesis,
retrograde nuclear trafficking, binding to cytochrome C, and post-translational
arginylation of proteins. Defects in tRNA modifications are also linked
to a number of human diseases with relatively unknown mechanisms.
Here we describe the use of live-cell imaging techniques to monitor
tRNA nuclear-cytoplasmic trafficking and localization in real time via micro-
injection of fluorescently-labeled tRNA (fl-tRNA) into adherent mammalian
cells. These results represent an important step toward our eventual goal of
developing assays for the full characterization of the subcellular dynamics
of specific isoacceptor tRNAs.
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The Nuclear pore complex (NPC) is a protein complex existing in the nuclear
envelope which functions as a selective channel between the cytoplasm and the
nucleoplasm. The central channel of the pore, which is composed of Phe/Gly
motif-rich subunits (FG-nucleoporins), is thought to form a hydrophobic
barrier and regulate the passage of soluble proteins and nucleotides. In this
study, we combined biochemical approaches and molecular simulations to
reveal the structural dynamics of nucleoporin interactions with transport recep-
tor proteins. i) Structural analyses of purified transport receptor proteins, such
as importin b, revealed that amphiphilic helices undergo conformational
changes in their tertiary structure upon exposure to hydrophobic environments,
indicating that the structural flexibility of importin b plays a critical role
in passage through the crowded hydrophobic environment of the NPC. ii)
Molecular dynamics simulations of FG-containing peptides (STFGST and
AVFGAV) at a high concentration (200 mg/mL) were performed to reveal
the dynamics of water molecules around the peptides. The result suggested
that Ser/Thr residues around Phe are involved in the formation of hydrogen
bond networks between the peptides and water and contribute to exposingPhe to surrounding water molecules. iii) The addition of importin b to the
crowded FG-peptide environment resulted in a conformational change of
importin b mediated mainly by the Phe residue in the peptide. Comparison
of two different peptides revealed the important role of Ser/Thr residues in
the conformational change of importin b. These results suggested that the
hydrogen bond network among water and hydroxyl groups of nucleoporins
plays an important role in the formation of the barrier within the NPC and
also in the interaction with transport receptors.
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The transcription factor Foxo1 promotes transcription of the ubiquitin ligases
MuRF1 and MAFbx/atrogin1, which contribute to muscle fiber protein break-
down, leading to muscle atrophy and wasting. Foxo1 phosphorylated at its
protein kinase B (Akt) sites is transported out of nuclei, and Foxo1 dephos-
phorylated at these sites is transported into nuclei. Foxo1 net nuclear efflux
decreases Foxo1 transcriptional activity, thus opposing muscle protein break-
down and atrophy. Here we use quantitative fluorescence confocal imaging
of the time course of Foxo1-GFP net nuclear fluxes together with mathematical
modeling of Foxo1-GFP nuclear movements to examine the effects of upstream
signaling on nuclear Foxo1. IGF1 and insulin , which activate Akt via the
PI3k/PDK1/Akt signaling pathway, caused concentration dependent decreases
of nuclear Foxo1-GFP. High IGF1 or insulin caused similar rapid and
marked Foxo1-GFP net nuclear efflux. ECGC caused a more delayed net
loss of nuclear Foxo1-GFP, possibly indicative of need for EGCG to enter
the fiber to initiate its effect, whereas IGF1 and insulin work at cell surface
receptors. Excluding the delay, the final rate and extent of decay of nuclear
Foxo1-GFP was similar for EGCG, IGF1 and insulin. Analysis using our
recently presented reduced (2 state)model for Foxo nuclear fluxes (Wimmer
et al, 2014) showed that IGF1, insulin and EGCG all markedly and similarly
increased the apparent unidirectional rate constant for Foxo1-GFP nuclear
efflux, as well as markedly decreasing the apparent unidirectional rate constant
for nuclear influx, indicative of increased Foxo1 phosphorylation in both
cytoplasm and nuclei, both of which contribute to the observed decrease in
nuclear Foxo1-GFP. Thus, IGF1, insulin and EGCG all activate Akt, both in
the cytoplasm and within the nuclei. Supported by NIH R01AR056477 and
by UMB-UMBC Seed Grant
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Autophagy is a lysosomal degradation pathway that is important for the main-
tenance of cellular homeostasis. Although the formation of autophagosomes
occurs in the cytoplasm, it is increasingly evident that several key proteins in
the autophagy pathway shuttle in and out of the nucleus. We previously
reported that LC3, a protein that participates in autophagosome formation
and cargo selection, is enriched in the nucleus in a slowly diffusing form. How-
ever, the mechanisms that retain LC3 in the nucleus and control its nuclear
dynamics remain poorly understood. To address this, we used a combination
of fluorescence microscopy and FRAP to study Venus-LC3 in HeLa cells.
We find that mutating residues involved in binding of LC3 to other proteins
and RNA moderately decreases its nucleocytoplasmic ratio, but disrupting
LC3 lipid modification does not change its nucleocytoplasmic ratio. This
suggests that the majority of LC3 in the nucleus is soluble, and it is retained
in the nucleus by interactions with either proteins or RNA. Consistent with
this, soluble nuclear LC3 diffuses more slowly than predicted for a monomer.
Perturbing the autophagy pathway with rapamycin or chloroquine has little
effect on LC3’s nuclear localization, but does change the apparent size of
LC3-associated complexes. This implies that soluble nuclear LC3 associates
with complexes with functions possibly related to autophagy. Unexpectedly,
we also find that nuclear LC3 is enriched within the nucleolus. We show that
the triple arginine motif of LC3, a region previously shown to bind to both pro-
teins and RNA, shares similarities with a consensus nucleolar detention
sequence. Furthermore, perturbation of LC3’s triple arginine motif completely
abolishes its localization to the nucleolus. Together, these findings reveal a
